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EVALUATION OF THE VOLATILE ORGANIC PROFILE GENERATED FROM 
THERMALLY DEGRADED TISSUE: ANALYSIS BY SOLID PHASE 
MICROEXTRACTION AND GAS CHROMATOGRAPHY/MASS 
SPECTROMETRY 
   
 
HEIDI ANN TINCHER 
 
ABSTRACT 
 
 
Ample research has been published regarding the effects of 
environmental decomposition on volatile organic profiles of tissue, however 
literature concerning the volatile organic profiles of thermally degraded tissue is 
limited in quantity and scope.  The purpose of this study was to investigate the 
effects of temperature on the headspace volatile organic compounds produced 
by muscle, subcutaneous fat, skin, and punch biopsy samples.  
The majority of the compounds for each tissue type were alcohols and 
aldehydes. Compounds were extracted using solid phase microextraction and 
identified using gas chromatography/mass spectrometry. Compounds such as 
nonanal, 1-octen-3-ol, octanal, and hexanal were present in the volatile organic 
compound profile for many tissue types at a majority of the temperatures, 
particularly from 150°C to 300°C. 2-pentylfuran was the most abundant 
component in the profile of skin samples from 150°C to 300°C. The profile of 
fresh subcutaneous fat had numerous branched alkanes, while thermally 
 vi 
degraded subcutaneous fat profiles were comprised mostly of aldehydes and 
alcohols. The profile of muscle was primarily composed of alcohols and 
aldehydes up to 300°C, whereas the most abundant compound at 350°C was 
trimethylpyrazine.  
There were consistent compounds identified among each tissue group. 
The abundance patterns of alcohols and aldehydes over increasing temperatures 
differed for each tissue type. Analysis of the data gathered in this study indicates 
that muscle, subcutaneous fat, and skin contribute characteristic compounds, 
such as alcohols and aldehydes, to the profile of the punch biopsy samples. The 
findings further suggest that temperature affects the volatile organic profile of 
tissue in terms of the compounds identified and the abundance trends of certain 
compounds.  
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1. INTRODUCTION 
1.1 Volatile Organic Compounds and Their Biochemical Production 
 Volatile organic compounds (VOCs) are characterized by their low boiling 
points, which range from 50˚C to 260˚C1. It is because of their characteristic 
lower boiling points that VOCs readily exist in the gas phase. Volatile organic 
compounds are responsible for the scent of biological tissues and are therefore 
of forensic relevance.  
Forensic research of tissue odor by VOC profiling is driven by its potential 
to accurately answer investigative questions. VOCs have the potential to be used 
to determine the postmortem interval (PMI) 2-7, human scent that can be 
individualized 8, create training aids for police canines 9-11, and identify the VOC 
profiles of various tissue types 12-16. Therefore, identifying VOCs associated with 
specific tissues can potentially aid in numerous specialties of forensic science.  
Several disciplines, including food science, microbiology, and medicine, 
have researched the biochemical processes that produce volatile organic 
compounds. This wide array of research has shown that a complex combination 
of processes such as thermal lipid degradation 17,18, aerobic oxidation 14, 
microbial activity 14,19, and amino acid degradation 14,18 are attributed to VOC 
production from tissue. Initiation of volatile compound formation, along with 
source tissue composition, are responsible for the resulting VOC profile of 
thermally degraded tissue.  
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1.2. Tissues and Their Composition 
1.2.1. Lipids and Proteins  
 Amino acids, joined by peptide bonds to form proteins, are the basic 
structural component of proteins and therefore tissue 20. There are twenty unique 
amino acids, each with a basic structure consisting of an amino group, carboxyl 
group, and a side chain 20. The twenty common amino acids are differentiated by 
their side chains. For example, Table 1 shows two common amino acids. The 
chemical composition of amino acids and biochemical processes can give rise to 
certain VOCs in the presence of heat such as benzaldehyde and 
benzeneacetaldehyde18.  
 
Glutamine 
 
Serine 
 
 
Table 1. The structures of glutamine and serine.  
 
 
 Lipids are nonpolar compounds that are a critical component of tissue. 
Categories of lipids include fats, phospholipids, waxes, and steroids 20. Fatty 
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acids are the basic structural component for most categories of lipids, with the 
exception of steroids 20. Table 2 shows examples of two common fatty acids, 
linoleic acid and stearic acid. Similar to amino acids, lipids contribute to the 
VOCs produced during the thermal degradation of tissue.   
 
Linoleic Acid 
 
Stearic Acid 
 
 
Table 2. The structures of linoleic acid and stearic acid.  
 
  
1.2.2. Skin, Subcutaneous Fat, and Muscle Tissue 
 Skin acts as a protective barrier for the body 21. Skin contains a substantial 
amount of lipids, which help to provide this barrier function 21, 22. The surface 
layer of skin is lipophilic and the lower layer is hydrophilic 23. The large lipid 
composition of skin suggests that VOCs produced from thermally degraded skin 
may be due to the deterioration of lipids. Skin may also be a larger producer of 
VOCs because it is the first layer of tissue exposed to environmental elements 
due to its superficial anatomical location.  
 Subcutaneous fat lies directly below the skin (shown in Figure 1) and 
serves insular, storage, and hormonal functions in the body 
24. Subcutaneous fat 
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is distributed throughout the body and is composed of lipids, mainly 
triglycerides25. The anatomical function and structure of subcutaneous fat 
differentiates them from other tissues even though they are comprised of similar 
biomolecules, such as lipids. When subjected to heat, subcutaneous fat 
produces VOCs from lipid degradation such as 1-octen-3-ol, hexanal, and 
nonanal18. Although skin and subcutaneous fat both have high lipid contents, it 
has been shown that subcutaneous fat can produce a different VOC profile than 
skin 2,16,26. 
 
Figure 1. Orientation of skin, subcutaneous fat, and muscle in the 
human body. 
 
 
 Muscle tissue lies underneath the skin and immediately below 
subcutaneous fat in varying amounts on the body (shown in Figure 1). Muscle 
fibers are composed of myofibrils that contain filaments 20. The filaments that 
comprise myofibrils are proteins such as myosin, actin, tropomyosin, and 
troponin27. Due to its protein composition, muscle tissue is likely the primary 
contributor of VOCs that are formed from thermal degradation of protein18. Prior 
studies have shown that muscle produces a unique VOC profile in comparison to 
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other tissue types12. It is expected that the VOC profile of muscle will be easily 
distinguished from those produced by subcutaneous fat and skin because of the 
protein composition of muscle.  
 
1.2.3. Punch Biopsy 
 A punch biopsy is a procedure typically used in clinical medicine to obtain 
a representative, full thickness sample of tissue 28. A core sampler or punch is 
used to extract a sample two to three millimeters in diameter. In this study, a 
larger diameter punch biopsy instrument was used to obtain the full thickness of 
tissue from the skin to the bone. The punch biopsy sample provides a 
representative tissue sample to generate a more representative volatile organic 
compound profile because it incorporates all tissue types into one sample. The 
VOC profiles of thermally degraded punch biopsy samples can be compared to 
the individual profiles of skin, muscle, and subcutaneous fat to identify which 
tissue is contributing certain compounds to the composite VOC profile. 
 
1.3. Human Remains Detection Canines 
Canines (Canis lupus familiaris) have successfully been used to detect 
accelerants, explosives, drugs, missing persons, and human remains. Various 
studies demonstrate the usefulness of detector canines in police work 29-31, 
however, these studies also reveal that canines produce false positives and thus 
are inconsistent in their detection abilities. The specific volatile compounds that 
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canines key on are unknown. Identifying and training the canines with more 
reliable and specific training aids could improve their accuracy and consistency. 
With a clearer understanding of what compounds the canines are detecting and 
alerting to, the reliability of canines would be improved and thus more reliable as 
forensic evidence in a courtroom setting.  
 Recent research has focused on creating improved training aids for 
detection canines. Studies have used a variety of instrumentation, such as 
GC/MS9, and GC×GC–TOFMS11, to capture the most representative volatile 
organic compound profiles for the creation of training aids9-11. One study found a 
90% correct response, and fewer than 10% false positives, when employing 
improved training aids to canines 9. The production of training aids using 
analytical and controlled methods could assist in the training of Human Remains 
Detection (HRD) canines.  
 While most HRD canines are trained to detect human remains that have 
experienced environmental decomposition, there are cases where the detection 
of thermally degraded remains is needed. Events such as wildfires and other 
mass disasters may result in the thermal degradation of human remains. For 
example, one publication described a situation where HRD canines were utilized 
to find the remains of victims of a massive wildfire in Texas 32. The ability to 
detect thermally degraded tissue is an important and specialized skill for HRD 
canines.     
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1.4. Fatal Fire Occurrence and Temperature Considerations  
Fire events cause tremendous amounts of property damage, and in 
thousands of cases the loss of life. In 2012 there were over 1.3 million fires in the 
United States, which resulted in over 2800 deaths 33. While fatal fires are not the 
most common cause of death in the United States, fatal fires require specialized 
investigation and research to understand what occurs during the fire.  
Extreme temperatures encountered during fires are a concern for fire 
researchers and investigators because they cause a large amount of destruction 
to both property and human tissue. Experiments show that maximum 
temperatures reached in a fire can range from approximately 730˚C to 1200˚C 34. 
Fire temperatures have been researched to develop better engineering and 
safety equipment that can serve to survive the high temperatures sustained 
during a fire. 
 
1.5. Current Volatile Organic Compound Research 
In recent years, research of the volatile organic compounds produced from 
tissue decomposition has increased. Studies have centered on the volatile 
organic compounds produced during tissue decomposition, rather than thermal 
degradation, to help determine the post-mortem interval, create training aids for 
cadaver dogs, and categorize the volatile organic compound profile of tissue. It 
should be noted that in this study, thermal degradation refers to degradation 
when exposed to high temperatures, whereas decomposition refers to 
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degradation under common environmental conditions. While numerous studies 
have investigated the volatile organic compounds associated with tissue 
decomposition, there is no consensus on a definitive VOC profile.  
 It is ideal to analyze human tissue properties in any study aimed at 
identifying volatile organic compounds for canine training aids, as well as 
determining the post-mortem interval. Several studies with different foci have 
utilized human tissue for their research3,4,6,7,8,13,15,26. Aldehydes, alcohols, and 
alkanes were detected as volatile organic compounds in studies that analyzed 
human tissue3,4,7,8,13,15,26. Examples of compounds identified in these studies are 
shown in Table 3, which include 1-octen-3-ol 2,12,15, nonanal3,4,8,15, and 2-
pentylfuran15. While some compounds were regularly identified in these research 
studies, the overall VOC profiles were not consistent within tissue groups 
studied.  
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1-octen-3-ol 
 
2-pentylfuran 
 
Nonanal 
 
 
Table 3. The structures of identified compounds in volatile organic 
compound tissue studies.  
 
 
 
 Domesticated pigs (Sus scrofa) are used as a simulacrum for human 
tissue because of their close similarity to human tissues, bioethical 
considerations, and the difficulty of obtaining human tissue 2,5,12. Aldehydes, 
alcohols, alkanes, ketones, esters, sulfides, and carboxylic acids were identified 
as volatile organic compounds in the studies that used tissue from pigs, instead 
of human tissue. Similarly, there was consistency among the studies, but no 
absolute characteristic volatile organic profile was produced.  
 10 
 Little research has been conducted on the volatile organic compounds 
produced from thermally degraded tissue. One study, of both animal and human 
fat, thermally degraded samples at various temperatures and found the majority 
of the VOCs to be aldehydes such as nonanal and pentanal, alkanes such as 
octane and nonane, and alkenes such as octene and decene16. Another study, 
which focused on the smoke produced during electrosurgery, found aldehydes, 
alkanes, and aromatic benzenes as the most prominent categories of 
compounds from the thermal degradation of tissue35.  
 With few studies focusing on the volatile organic compounds of thermally 
degraded tissue, there is a need for further research that specifically investigates 
these VOCs. The food science industry has extensively researched and 
published on the VOCs produced from thermally degraded tissue. While these 
studies provide useful background information, their findings may not translate to 
forensic investigations due to tissue types studied and circumstances tested.  To 
this end, it should be noted that the third section of this current project (Results 
and Discussion) utilizes a number of food science publications for comparison 
precisely because of this aforementioned lack of research in VOCs from 
thermally degraded tissue.  
 
1.6. Pig as a Human Model for Research 
 Human tissue is the ideal specimen for use in research that is being used 
for the application of human identification. However, due to ethical, legal, and 
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procurement challenges it is often difficult to obtain human tissue for such 
research. Due to these challenges alternatives to human models, such as the 
pig, have been used in research.  
 Numerous studies have assessed the use of pig tissue as a substitute for 
human tissue particularly because of the ethical implications. Pigs have been 
widely used in medical research because of their biological similarities, 
physiological similarities 36, genetic similarities 37, and other similarities through 
which pigs respond immunologically in a manner that is comparable to humans38. 
One area of interest is the use of organs from pigs for organ transplants, referred 
to as xenotransplantation37 because of the similarities mentioned above. The 
greater level of accessibility, fewer ethical implications, and their similarities to 
humans make pigs an ideal model for research. Thus pig specimens were used 
in this study as a substitute for human tissue.  
 
1.7. Sample Preparation and Instrumental Techniques 
1.7.1. Solid Phase Microextraction 
 Solid phase microextraction (SPME) was introduced in 1990 and was 
initially developed to analyze compounds in aqueous samples 39. SPME was 
further applied and introduced in 1993 to analyze the volatile organic compounds 
present in the sample headspace40. Figure 2 illustrates the basic components of 
a SPME apparatus. A SPME fiber is attached to a SPME holder and a plunger is 
used to expose and retract the sampling fiber. There are two types of SPME 
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sampling fibers, both of which are solventless and amenable to GC or LC: the 
more traditional SPME fiber (used in this study) and the in-tube SPME fiber 41. 
The choice of an appropriate stationary phase is critical to adsorb the analytes of 
interest. Some of the most widely used stationary phases include 
polydimethylsiloxane (PDMS), polydimethylsiloxane/divinylbenzene 
(PDMS/DVB), carboxen (CAR), and polyacrylate (PA). SPME is an ideal method 
for sampling volatile organic compounds present in the headspace of samples.  
 
Figure 2. Diagram of a SPME fiber and SPME holder. 
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1.7.2. Gas Chromatography/Mass Spectrometry 
 Gas Chromatography/Mass Spectrometry (GC/MS) is a commonly utilized  
analytical instrument in forensic laboratories. Gas Chromatography (GC) 
separates compounds in a mixture. Separation by GC is based on the differential 
distribution of an analyte between the mobile phase and stationary phase of the 
GC column 42. The resulting total ion chromatogram (TIC) illustrates the 
separation of compounds, with abundance on the y-axis and retention time on 
the x-axis. 
 The compounds in a mixture, once separated by GC, can be identified 
using a detector, such as a Mass Spectrometer (MS). As a compound enters the 
MS it is ionized and separated by a mass analyzer according to its mass to 
charge ratio resulting in a mass spectrum 43. Electron-impact (EI) is a common 
technique used for sample ionization43. In this method ionization occurs by 
bombarding a sample with electrons to remove an electron from the molecule 
resulting in reproducible fragmentation43. The resulting fragmentation data can be 
used for comparison and identification because the bonds in a molecule break in 
a reproducible fashion when subjected to ionization43. The data is represented in 
a mass spectrum with relative abundance on the y-axis and mass-to-charge ratio 
on the x-axis.   
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1.8. Purpose of Study 
The purpose of this study was to assess the effects of temperature on the 
volatile organic compounds present in the headspace of different tissue types by 
qualitative and semi-quantitative analysis. Additionally, this study sought to 
identify the VOC profile of tissue at certain temperatures in order to ascertain 
patterns indicative of tissue as it undergoes thermal degradation. The abundance 
trends of certain compounds over increasing temperatures were also taken into 
consideration while assessing the effect of temperature on the VOC profiles. 
Comparison of the VOCs associated with specific tissue types (skin, muscle, and 
subcutaneous fat) to the VOCs associated with a representative punch biopsy 
was conducted to identify the specific source contributing to the overall VOC 
profile of thermally degraded tissue.    
 
2. MATERIALS AND METHODS 
2.1. Materials 
The SPME holder and SPME fiber used in this study were supplied by 
Supelco (Bellefonte, PA). The SPME fiber was StableFlex™ 65μm PDMS/DVB, 
24 gauge. Fisherbrand high-form porcelain crucibles (Pittsburgh, PA) were used 
to place the samples in a calibrated muffle oven (Thermolyne, Thermo Scientific 
Waltham, MA). The crucibles were rinsed using certified ACS methanol from 
Fisher Scientific (Pittsburgh, PA).  8mL vials with PTFE-faced Silicone Septa 
(Kimble Chase, Rockwood, TN) were used for the thermally degraded samples to 
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extract compounds from the headspace. The vials were rinsed with ACS 99.5% 
acetone (Fisher Scientific, Pittsburgh, PA). Tissue samples were stored in a 
 -4°C freezer.  
 
2.2. Method Development 
2.2.1. Solid Phase Microextraction Optimization and Thermal Degradation 
Temperature Parameters 
Preliminary studies were performed using commercially prepared pork to 
optimize the parameters of SPME extraction. These preliminary studies 
addressed topics including how long to heat the sample vial and at what 
temperature, the heating temperature of the vial, SPME fiber exposure time, and 
the type of SPME fiber to be used. Table 4 lists the tested parameters. It was 
found that when heating the sample vials for one hour at 55˚C, a SPME fiber 
exposure time of twenty minutes, and a PDMS/DVB SPME fiber were the optimal 
parameters for this study.  
 
 
Heating 
Temperatures of 
Vials Tested 
Heating Time of 
Sample Vials 
Tested 
SPME Fiber 
Exposure Times 
Type of SPME 
Fiber 
50C 10 minutes 20 minutes PDMS/DVB 
55C 30 minutes 30 minutes CAR/PDMS 
60C 60 minutes 40 minutes PDMS/DVB/CAR 
No Heating  60 minutes  
    
 
Table 4. Parameters tested for SPME optimization. 
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Preliminary studies were also conducted using different temperatures for 
the thermal degradation process. 200˚C, 300˚C, and 400˚C were tested using 
commercially prepared pork. Using the optimized methods described in section 
2.2.1, the VOCs within the headspace were extracted and analyzed using 
GC/MS. Drastic differences in the VOCs were observed between the 300˚C and 
400˚C profiles. Due to the possibility of higher temperatures producing pyrolysis 
products and heat induced chemical reactions, the temperature range of 150°C 
to 350°C was chosen for this study. The small amount of tissue used, 
approximately 3 grams, possibly exacerbates the amount of pyrolysis and heat 
induced chemical reaction products because there is less tissue to sustain the 
higher temperatures as time goes on, thus adding to the decision to focus on 
lower temperatures. 
 
2.3. Pig Dissection 
The pig (Sus scrofa) used for this study was a Yorkshire swine that was 
raised specifically for biomedical research purposes. The swine was purchased 
from Tufts University Cummings School of Veterinary Medicine (North Grafton, 
MA) under approved IRB protocol. The 4 month old female pig weighed 115 
pounds. Swine at the facility are vaccinated, screened for pathogens on a yearly 
basis, and fed a combination of corn, soybean meal, vitamins, and hay 
throughout their growth. The morning of the day of dissection, the pig was 
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sacrificed by a captive bolt and brought to Boston University School of Medicine 
where the dissection took place.  
Four groups of tissue specimens were dissected from the pig for use in 
this study: skin, subcutaneous fat, muscle, and punch biopsy. The punch biopsy 
samples were obtained by pushing a sharpened metal cylinder through the layers 
of tissue to the bone to create representative samples of the various layers of 
tissue. Figure 3 below shows the areas of the pig from where the respective 
samples were obtained during the dissection. Six samples were obtained for 
each tissue type, ranging from 2.7 grams to 3.3 grams. Samples were 
individually placed in a plastic food storage bag with an index card to indicate the 
weight and tissue type. All samples were then frozen at -4˚C on the day of 
dissection until the day of analysis for each group of samples. The weight and 
tissue type of each sample is listed in Table 5. 
  
 
Temperature 
Punch Biopsy 
Sample 
Weights 
(grams) 
Skin Sample 
Weights 
(grams) 
Muscle 
Sample 
Weights 
(grams) 
Subcutaneous 
Fat Sample 
Weights 
(grams) 
Fresh 3.2 3.2 3.0 3.1 
150˚C 3.0 2.7 3.2 3.1 
200˚C 2.9 2.8 3.1 3.2 
250˚C 2.9 2.9 3.0 3.1 
300˚C 3.2 2.8 3.2 3.0 
350˚C 3.1 3.1 3.0 2.8 
 
Table 5. Weight of each tissue sample before thermal degradation. 
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Figure 3. Areas of pig used for study samples. 
 
  
2.4. Sample Preparation 
 
2.4.1. Material Preparation 
One SPME fiber was used throughout all analyses. The SPME fiber was 
conditioned in the injection port of the GC at 250˚C for thirty minutes. Crucibles 
used to thermally degrade tissue in the muffle oven were washed with detergent 
and water, rinsed with methanol, and then placed in an oven (Thermo 
Econotherm Laboratory oven) at 90˚C for one hour. Sample vials were rinsed 
with acetone and placed in the same oven at 90˚C for an hour.  
 
 
 
Skin 
Subcutaneous Fat 
Muscle and 
Punch 
Biopsy 
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2.4.2. Thermal Degradation of Tissue 
All samples belonging to one group (skin, muscle, subcutaneous fat, or 
punch biopsy) were analyzed on the same day. Each group contained six 
samples: one that served as a fresh (not thermally degraded) sample, one 
degraded at 150˚C, one degraded at 200˚C, one degraded at 250˚C, one 
degraded at 300˚C, and one degraded at 350˚C. Sections of tissue were allowed 
to thaw at room temperature (ranged from 68.9°F to 71.4°F) for approximately 
one hour. After the thawing process each sample was placed into a porcelain 
crucible and heated to its respective temperature shown in Table 5. On the days 
of testing, samples were placed in the muffle oven for ten minutes at their 
respective temperatures. The muffle oven was calibrated by placing a crucible in 
the furnace and allowing the oven to autotune at 150°C on each day of analysis. 
The sample was placed in an 8mL vial with a PTFE-silicone septa cap using 
smooth tip forceps that were cleaned with an alcohol pad. 
 
2.5. Extraction of Volatile Organic Compounds 
The extraction of the compounds present in the headspace of the tissue 
samples was done using a 65μm PDMS/DVB SPME fiber. The vial containing the 
thermally degraded tissue was heated for one hour in a water bath at 55˚C. After 
this one hour time period, the SPME fiber was pierced through the septum of the 
vial and exposed to the sample headspace for twenty minutes while the vial was 
still being heated. The fiber was then exposed to the GC injection port for five 
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minutes to allow the compounds to desorb from the fiber. A sample from an 
empty vial was also extracted with each group of samples to serve as a control.  
 
2.6 Gas Chromatography/Mass Spectrometry Method 
 The gas chromatograph utilized was an Agilent Technologies 7890 A 
coupled with an Agilent Technologies 5975 C inert XL EI/CI MSD mass 
spectrometer. Helium served as the carrier gas. The column was a RXI®-5HT, 30 
meters which had an internal diameter of 0.25mm and a film thickness of 0.25µm 
(ResTek, Bellefonte, PA). The GC/MS method used for this research had a total 
run time of thirty minutes. The starting oven temperature was 35°C with a 4.5 
minute hold, followed by a temperature ramp of 10°C per minute up to 240°C 
then holding for 5 minutes. The method consisted of a 6 minute solvent delay 
and EI was used as the ionization technique. A quadrupole MS was utilized with 
a mass range of 69 amu to 502 amu and full scan mode. MSD ChemStation 
E.02.00.493 from Agilent Technologies was used for data analysis.      
 
3. RESULTS AND DISCUSSION 
3.1. Compound Identification and Classification for Analysis of VOC 
Profiles and Their Trends 
Each peak within the TIC was identified using Chemstation software by 
performing a National Institute of Standards and Technology (NIST) library 
search and comparison of the mass spectral data. Once identified, the 
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abundance of the compound was determined by obtaining the peak height 
reported by the software. Peak height was used instead of integration of the peak 
area because of the peak broadening observed in the TIC. Integration of the 
peak area would have given a larger abundance to compounds that were less 
amenable to the stationary phase of the GC column, thus erroneously influencing 
interpretation. Compounds for each sample at each temperature were placed into 
three categories based on their peak height: the most abundant compound, the 
subsequent three most abundant compounds, and other identified compounds.  
In order to evaluate trends in the VOC profiles, certain compounds were 
classified only as being an alcohol or an aldehyde. While a majority of the 
compounds had only one functional group and were, therefore, easily classified, 
some compounds had multiple functional groups. For this study, any compound 
that contained a hydroxyl group or a hydroxyl group and an alkenyl group was 
classified as an alcohol. Any compound that contained an aldehyde group or an 
aldehyde group and an alkenyl group was classified as an aldehyde. Compounds 
with more than the hydroxyl, aldehyde or alkenyl group were not placed in either 
category. It should also be noted that in the following section (3.2), only selected 
compounds identified are discussed. All compounds identified at each 
temperature for each tissue are shown in section 3.3. 
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3.2. Compounds Selected for Discussion 
3.2.1. Frequently Identified Compounds: Nonanal, Octanal, Hexanal, and 1-
octen-3-ol 
Nonanal was the most abundant or subsequent three most abundant 
compounds for a majority of temperatures in the punch biopsy, the subcutaneous 
fat, muscle, and skin samples. Nonanal is known to be formed by lipid auto-
oxidation 17,18 which is consistent with several tissues being comprised entirely or 
partially of lipids. Two studies that focused on thermal degradation of tissue 
identified nonanal as a contributing compound to the VOC signature 35, 44. 
However, some studies that investigated VOCs from decomposing pig tissue did 
not identify nonanal as a contributing compound 2,5,12. In comparison, a majority 
of research done with human tissue had identified nonanal as part of the VOC 
profile 3,4,8,15, while one publication did not identify nonanal as a contributing 
compound 7. Therefore, the presence of nonanal was not consistently identified 
across other studies, but it was a large contributor to the VOC profile with all the 
tissue types at most temperatures in this study.  
Hexanal was a highly abundant contributor to the VOC profile of the punch 
biopsy, subcutaneous fat, and muscle samples. Hexanal was, however, only part 
of the VOC profile of skin at 200°C and 250°C. Numerous other studies identified 
hexanal as a volatile organic compound associated with various tissue 
types3,7,12,15,18,44. It has been reported that hexanal is formed by lipid auto-
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oxidation18. Hexanal was identified as contributing to the VOC profile of many 
tissue types at various temperatures. 
Octanal was one of the most abundant or subsequent three most 
abundant compounds, particularly from 150˚C to 300˚C, for the punch biopsy, 
muscle, and subcutaneous fat samples. Octanal was identified in skin only at 
temperatures 250°C and 350°C. Like hexanal, nonanal, and 1-octen-3-ol, octanal 
has been identified in several other decomposition studies that looked at different 
tissue types 3,12,15,18,44. It has been suggested that, like many other VOCs, 
octanal is produced by lipid auto-oxidation18. Octanal was identified as a VOC 
with all tissue types in this study but was more consistent with the punch biopsy, 
muscle, and subcutaneous fat samples.   
1-octen-3-ol was abundant at many temperatures for all four groups of 
samples and the most abundant compound in fresh skin and the fresh punch 
biopsy sample. 1-octen-3-ol is not consistently identified as a VOC in other 
research. Research has shown that bacterial degradation19 and lipid auto-
oxidation18 are responsible for the formation of alcohols, such as hexanol18 and 
1-octen-3-ol18 in degraded tissue. Studies that used human tissue or pig tissue, 
either decomposed or thermally decomposed, did not detect 1-octen-3-ol3,4,5,7,8,35. 
1-octen-3-ol was identified in a few studies, one with thermally degraded tissue, 
three dealing with decomposing pig tissue, and one researching decomposing 
human tissue 2,12,15,44. The differences among studies, including this study, could 
be due to different sources of tissue or how samples were prepared. Similar to 
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nonanal, 1-octen-3-ol was not consistently detected in the VOC profiles from 
tissue in other research, but was identified often in this study.  
 
3.2.2. Less Frequently Identified Compounds: 2-pentylfuran, 2-heptanone, 
Benzaldehyde, Benzeneacetaldehyde, and Pyrazines 
2-pentylfuran was the dominant compound for skin at 150°C, 200°C, 
250°C, and 300°C. 2-pentylfuran was identified in lower abundance with other 
tissue types in comparison to the skin samples. One study using decomposed 
human tissue identified 2-pentylfuran as part of the VOC profile15. Two food 
science studies, using thermally degraded tissue, identified 2-pentylfuran as a 
VOC associated with tissue18,44. 2-pentylfuran has been reported as being 
produced via lipid autooxidation18, which is consistent with skin tissue containing 
various lipids. 2-pentylfuran was found to be a major compound in VOC profiles 
obtained from skin in the present study and identified in other research 
studies18,44. 
Ketones are not the most abundant contributors to the VOC profile of the 
various tissue groups, but their presence in the profile was notable. 2-heptanone 
was identified after exposure to certain temperatures in the punch biopsy, 
muscle, and skin samples but not in subcutaneous fat. Ketones, such as 2-
heptanone, are produced from lipid oxidation18. 2-heptanone has been found in a 
variety of studies using several tissue types, including those that were 
decomposed and those that were thermally degraded5,7,12,15,44 . 2-heptanone was 
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in the skin and punch biopsy samples and thus was characteristic of these tissue 
types.  
Benzaldehyde and benzeneacetaldhyde were also identified as VOCs 
formed from the thermal degradation of the punch biopsy, skin, subcutaneous fat 
(only benezeneacetaldehyde at 250°C), and muscle samples. 
Benezeneacetaldehyde was not identified in any research publications dealing 
with VOCs of pig or human tissue, either decomposed or thermally degraded. 
However, benzaldehyde was identified in other studies; specifically, in two whose 
research utilized human tissue15,26 and two others where the study used pig 
tissue2,12 . Benzaldehyde is produced by the degradation of amino acids18 rather 
than lipids in a manner akin to the other compounds identified that were 
associated with skin tissue. Benezeneacetaldehyde is characteristic to this study, 
while benzaldehyde has been found in other VOC tissue studies.   
Various pyrazine compounds were present in the VOC profile of the 
muscle and punch biopsy samples at 350˚C. Trimethylpyrazine is the most 
abundant compound at 350˚C for both groups. Other pyrazines, such as 3-ethyl-
2, 5-dimethylpyrazine and 2, 5-dimethylpyrazine, were also identified. Pyrazines 
have been identified in other studies using animal tissue but not in studies using 
human tissue5,12,18,44. Pyrazines are formed by amino acid degradation17,18. 
Pyrazines were identified in low abundance in skin and subcutaneous fat, but 
were the most abundant at 350˚C for the muscle tissue and punch biopsy 
samples. 
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3.2.3. Other Compounds Identified: 2,4-decadienal, Limonene, 2-furanmethanol, 
and Naphthalene 
Although 2,4-decadienal was identified at a single temperature from 
subcutaneous fat (300°C), in other research studies 2,4-decadienal is a notable 
compound of the VOC profile. In the discipline of food science 2,4-decadienal 
has been identified in the VOC profile of thermally degraded tissue18. There is 
consensus among the literature that 2,4-decadienal is formed by lipid 
oxidation18,45, particularly the oxidation of linoleic acid14, a main constituent of fat. 
Though 2,4-decadienal has been identified in other studies, it was only observed 
at a single temperature in this study.  
Limonene, a cyclic terpene, was present in fresh muscle and in fresh 
subcutaneous fat. The presence of limonene is suspect. While decomposition 
and thermal degradation studies have identified limonene as part of the VOC 
profile of tissue2,7,18,44,  limonene is commonly associated with citrus fragranced 
cleaning and personal products, and is researched as an indoor pollutant46. 
Therefore the presence of limonene could arise from contamination during 
dissection or sample preparation; still, it has been identified in other 
decomposition and thermal degradation studies therefore suggesting it is formed 
from tissue. 
2-furanmethanol was identified at one temperature in the skin (350˚C), 
punch biopsy (350˚C), and subcutaneous fat (300˚C) tissue groups. While 2-
furanmethanol was not consistently found in this or most other studies, it has 
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been identified in a food science publication dealing with thermally degraded 
tissue44 and one study researching the VOCs from humans8. 2-furanmethanol is 
produced from the lipid oxidation process44.  2-furanmethanol has the potential to 
be characteristic of certain tissues and temperatures due to its infrequent 
occurrence.   
Naphthalene was identified at 150˚C for muscle tissue and at 250˚C for 
skin tissue. Although the presence of naphthalene was sporadic in this study, 
other research studies using pig and human tissues have identified 
naphthalene2,3,4,9. Naphthalene could be a characteristic VOC of some tissue 
types, such as muscle, at particular temperatures based on observations in this 
study. 
 
3.3. Observations and Trends by Tissue Type 
3.3.1. The VOC Profile of Punch Biopsy Samples 
3.3.1.1. General Observations  
The punch biopsy samples served as a representation of the commingling 
of tissue types to produce a more realistic VOC profile of thermally degraded 
tissue. At a majority of the temperatures, nonanal was the most abundant 
compound. Hexanal, octanal, and 1-octen-3-ol were the subsequent three most 
abundant compounds in these samples. The fresh punch biopsy sample showed 
branched alkanes as some of the most abundant compounds, with 1-octen-3-ol 
being the most abundant. At 350˚C, trimethylpyrazine was the most abundant 
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compound. Nonanal, benzaldehyde, and 3-ethyl-2, 5-dimethylpyrazine were the 
subsequent three most abundant compounds. The compounds identified and the 
categorical abundance of the compounds identified for the punch biopsy samples 
are listed in Table 6. 
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Table 6. Compounds identified and their categorical abundance for 
punch biopsy samples.  
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Figure 4 is an example of a representative punch biopsy chromatogram. 
As shown, VOC profiles of punch biopsy samples have a group of contributors 
that are in great abundance, and a group of minor contributors in lower 
abundance.  Nonanal, hexanal, and 1-octen-3-ol are some of the high 
abundance compounds. Compounds such as benzeneacetaldehyde and 2-
octenal are examples of low abundance compounds.  
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Figure 4. TIC of 250°C punch biopsy sample.  
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3.3.1.2. VOC Profile Trends Across Various Temperatures  
The most abundant compound recovered changed at varying 
temperatures. 1-octen-3-ol was recovered as the most abundant compound in 
the fresh punch biopsy sample. Nonanal was consistently recovered as the most 
abundant compound from 150°C to 300°C. At 350°C, trimethylpyrazine was the 
most abundant compound. Therefore, the change in the most abundant 
compound present is affected by temperature. A greater change was noted 
between fresh samples and the samples thermally degraded at 350°C, than the 
samples in the 150°C to 300°C temperature range.   
Similar to the trend seen in the category of the most abundant compound, 
the category of subsequent three most abundant compounds consistently 
recovered the same three compounds from temperatures 150°C to 300°C: 
hexanal, 1octen3ol, and octanal. The fresh punch biopsy samples, and those 
degraded at 350°C showed completely different VOCs. The subsequent three 
most abundant compounds in the fresh punch biopsy are all branched alkanes, 
and at 350˚C nonanal, benzaldehyde and 3-ethyl-2,5-dimethylpyrazine are 
present in this category. It is noted that the most abundant compounds and the 
subsequent three most abundant compounds are consistent at temperatures 
150°C to 300°C.  
In the category of other identified compounds there are some consistent 
compounds at the various temperatures. Heptanal and benzaldehyde are present 
in the VOC profiles of the punch biopsy specimens at 150˚C, 200˚C, 250˚C, 
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300˚C, and 350˚C. Aldehydes and alcohols comprised a majority of this category 
from 150˚C to 300˚C, while the VOC profiles of the fresh and 350˚C specimens 
are unique due to the recovery of multiple compounds in lower abundance.  
 
3.3.1.3. Alcohol and Aldehyde Trends 
Overall, alcohols and aldehydes were the most abundant contributors to 
the VOC profiles at various temperatures for the punch biopsy specimens. Figure 
5 illustrates the trend of aldehydes and alcohols across various temperatures. 
Both aldehydes and alcohols were recovered in low abundance in the fresh 
sample, increasing at 150˚C and 200˚C, and then gradually declined at the 
higher temperatures. The trends observed in this study indicate that the 
compounds contributing to the VOC profile at lower temperatures diminished as 
temperatures were increased.  
Alcohols and aldehydes have been identified in several other studies and 
the biochemical processes producing these compounds are well characterized. 
For example, lipid degradation17, but more specifically lipid autooxidation18, have 
been reported as the processes resulting in aldehyde formation. Lipid 
degradation, specifically lipid oxidation18,44 and fatty acid degradation47, microbial 
activity19, and amino acid degradation14 have been reported as processes that 
lead to the formation of alcohols.  
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3.3.2. The VOC Profile of Skin Samples 
3.3.2.1. General Observations 
Skin serves a special role when identifying VOCs from tissue because it is 
the outermost layer of tissue and therefore likely contributes a majority of the 
VOCs to the headspace of a matrix. Table 7 lists the compounds identified in this 
study along with their categorical abundance. Studies have identified compounds 
such as squalenes22, sphingolipids22, n-alkanes22, phospholipids22, fatty acids 
including hexadecenoic acid and hexadecanoic acid21, free fatty acids21, 
glycerides21, and cholesterols21 as contributing to skin composition. The VOC 
profile of thermally degraded skin likely reflects the high lipid composition of skin.   
 
Figure 5. Alcohol and aldehyde abundance trends across increasing 
temperatures for punch biopsy samples.  
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Table 7. Compounds identified and their categorical abundance for 
skin samples. 
 
 
 
Figure 6 illustrates an example of a representative chromatogram of the 
skin samples from 150˚C to 300˚C. With skin samples, 2-pentylfuran dominates 
the chromatogram with the remaining recovered compounds being minor 
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contributors. Therefore 2-pentylfuran is suggested to be characteristic of skin 
tissue based on this study.   
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Figure 6. TIC of 250°C skin sample.  
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3.3.2.2. VOC Profile Trends Across Various Temperatures  
The VOC profiles of skin at 350˚C and fresh skin tissue are different than 
the profiles at 150˚C, 200˚C, 250˚C, and 300˚C. 1-octen-3-ol was the most 
abundant compound recovered from fresh skin, 2-pentylfuran was the most 
abundant compound recovered at 150˚C, 200˚C, 250˚C, and 300˚C, and 
nonanal was the most abundant compound recovered at 350˚C. These profile 
differences are most apparent when considering the most abundant compounds 
among the various temperatures; however, other dissimilarities exist with the 
subsequent three most abundant compounds, as well.   
 There was no clear trend with the subsequent three most abundant 
compounds for the VOC profiles of skin. Nonanal was a consistent contributor in 
this category of compounds except at 350˚C when nonanal became the most 
abundant compound. Hexanal and octanal were recovered at higher 
temperatures as two of the subsequent three most abundant compounds. While 
there are minor patterns in the subsequent three most abundant compounds for 
skin, the other compounds identified are less consistent. 
 In the other compounds identified category for skin VOC profiles, each 
temperature is fairly unique in terms of the compounds recovered. Two branched 
alkanes, 5,7-dimethylundecane and 2,6-dimethyloctane, are present at 150˚C 
that are not present at any other temperature. At 250˚C, 2-pentylthiophene is 
present and is not identified with any other temperature profile of skin tissue. 
Pyrazines are present at 300˚C that are unique to the VOC profile at that 
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temperature. The less abundant compounds identified at each temperature were 
considered characteristic to each temperature, and did not demonstrate any 
trends.  
 
3.3.2.3. Alcohol, Aldehyde, and 2-pentylfuran Trends 
There is an interesting pattern of alcohols, aldehydes, and 2-pentylfuran 
over increasing temperatures for the skin samples. Figure 7 illustrates the trends 
of these three compounds over increasing temperatures. Alcohols were more 
abundant in fresh skin, and then rapidly declined once exposed to heat. 2-
pentylfuran was recovered at a lower abundance in fresh skin and lower 
temperatures, but exhibited an increase in abundance starting at 200˚C. The 
abundance of alcohols decreased and 2-pentylfuran increased as temperature 
increases; however it is the trend of aldehydes that is particularly interesting.  
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The abundance trend of aldehydes was unique and, within this research 
project, was specifically unique to skin. The largest contributor to the aldehyde 
abundance at 350˚C, where the drastic increase in abundance is observed, is 
nonanal. The abundance of nonanal accounts for approximately fifty percent of 
the total aldehyde abundance at 350˚C, and was the most abundant compound 
contributing to the VOC profile of skin. The characteristic trends of compounds 
identified from skin differentiate it from other tissue VOC profiles within this study.  
 
 
 
Figure 7. Alcohol, aldehyde, and 2-pentylfuran abundance 
trends across increasing temperatures for skin samples.  
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3.3.3. The VOC Profile of Subcutaneous Fat Samples 
3.3.3.1. General Observations 
Subcutaneous fat produced unique VOC profile patterns with fresh 
subcutaneous fat showing a distinct VOC profile. Table 8 lists the VOCs 
identified at each temperature investigated. There has been research that 
explores the VOCs produced from the combustion of fat, which identifies 
numerous branched alkanes, aldehydes, and alcohols16. Other research has 
shown that the fat present in samples will affect the overall VOC profile produced 
and the VOC concentration because of the compounds contributed by fat18,48. 
The VOCs recovered and identified from subcutaneous fat in this study are 
largely consistent with the compounds identified in other studies.  
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Table 8. Compounds identified and their categorical abundance for 
subcutaneous fat samples. 
 
 
Figure 8 is an example of a representative chromatogram obtained from 
thermal degradation of subcutaneous fat from 150˚C to 300˚C. Aldehydes, 
specifically nonanal, were the dominant group of compounds across most 
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temperatures. Fresh subcutaneous fat, however, consisted almost entirely of 
branched alkanes. At 150˚C, there were still branched alkanes present but at a 
much lower abundance, and at 200˚C branched alkanes were no longer 
recovered. At increased temperatures, aldehydes and alcohols were the most 
abundant compounds recovered, and pyrazines were recovered at 250°C. There 
was no obvious trend in the types of compounds identified across the various 
temperatures for subcutaneous fat.  
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Figure 8. TIC of 250°C subcutaneous fat sample.  
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3.3.3.2. Branched Alkanes in Fresh Subcutaneous Fat 
The presence and abundance of branched alkanes in fresh subcutaneous 
fat is unique. Branched alkanes were recovered at 150C and 200C but, at 
increased temperatures, branched alkanes were no longer present. Figure 9 is 
the TIC from fresh subcutaneous fat. Other decomposition, thermal degradation, 
and characteristic human scent studies have identified many branched alkanes 
as comprising part of the VOC profile2,3,4,7,8,9,12,16.  
Due to the large presence of branched alkanes, the VOC profile of fresh 
subcutaneous fat can be related with other areas of research that view fat as a 
type of ignitable substance that can help fuel a fire. In recent years, research has 
focused on the roles that fat plays in crime scene investigation, particularly the 
phenomenon referred to as spontaneous human combustion. Studies have 
concluded that a decomposing body does not spontaneously combust, but rather 
other processes occur in fat that cause it to act as a fuel that contributes to a 
fire49-51. In these publications fat has been found to possibly contribute to the 
combustion process at unusual fire scenes.  
The hypothesis that fat can serve as a fuel in unusual crime scenes is 
supported by the VOC profile of fresh subcutaneous fat from this study. In the 
discipline of fire debris analysis, branched alkanes are indicative of isoparaffinic 
ignitable liquid products according to ASTM guidelines52. The VOC profile 
combined of fresh subcutaneous fat identified in this study are consistent with 
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ASTM guidelines and studies on fat in fire events supports the explanation of the 
phenomenon referred to as spontaneous human combustion.  
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3.3.3.3. VOC Profile Trends Across Various Temperatures  
No observable trend exists when focusing on the most abundant 
compound among the VOC profiles of subcutaneous fat at different 
Figure 9. TIC of fresh subcutaneous fat sample.  
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temperatures. At the higher temperatures, nonanal is the most abundant 
compound and at lower temperatures hexanal tends to be the most abundant 
compound. There is an interchange of nonanal and hexanal as the most 
abundant compound at the varying temperatures for subcutaneous fat.  
 Alcohols and aldehydes dominate the subsequent three most abundant 
compounds category except for fresh subcutaneous fat. 1-octen-3-ol, heptanal, 
and octanal contributes to the VOC profile with no apparent trend.  Except for 
fresh subcutaneous fat, aldehydes and alcohols account for all the compounds in 
the subsequent top three most abundant compounds category.  
 There are some notable trends in the lower abundance compounds at the 
temperatures researched in this study. Branched alkanes compose the majority 
of the compounds present at 150˚C and fresh subcutaneous fat, but were not 
present at other temperatures. Alcohols and aldehydes were present at 200˚C, 
300˚C, and 350˚C for the lower abundance compounds, much like the other 
categories of compounds. At 250˚C, some pyrazines and benzeneacetaldehyde 
are present, but were not recovered at any other temperature. Few trends were 
present across the other compounds identified for thermally degraded 
subcutaneous fat.   
 
3.3.3.4. Nonanal and Hexanal Trends 
In the case of subcutaneous fat, nonanal and hexanal alternated as the 
most abundant compound as temperature increased. At 250˚C, the abundance 
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of nonanal drastically increased to become the most abundant compound up to 
300˚C and 350˚C. At 150˚C, 200˚C, and fresh subcutaneous fat, hexanal and 
nonanal were relatively close in abundance. Both nonanal and hexanal have 
been shown to be a product of lipid oxidation18 and were identified from one 
study that researched the VOCs from the combustion of human and pig fat16. The 
marked increase in the abundance of nonanal over increasing temperatures is 
characteristic to subcutaneous fat within this study.   
 
 
 
 
 
 
Figure 10. Nonanal and hexanal abundance trends across 
increasing temperatures for subcutaneous fat samples.  
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3.3.3.5. Alcohol and Aldehyde Trends 
Subcutaneous fat is similar to the other tissue groups in this study in that 
most of the compounds identified were either alcohols or aldehydes, except in 
the case of fresh subcutaneous fat. Figure 11 illustrates the patterns of 
abundance of alcohols and aldehydes over increasing temperatures. The 
abundance of alcohols was low compared to the abundance of aldehydes. The 
abundance of aldehydes increased as temperature increased and were most 
abundant at 350˚C. As discussed previously, the trend of aldehydes is likely due 
to the large abundance nonanal contributes at higher temperatures making 
nonanal influential in the resulting aldehyde trends for tissue. These trends could 
possibly be explained by way of the different processes resulting in the formation 
of alcohols and aldehydes.  
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3.3.4. The VOC Profile of Muscle Samples 
3.3.4.1. General Observations  
The VOC profile of muscle tissue is comparable to other tissue types in 
this study because at most temperatures alcohols and aldehydes are the major 
groups of compounds. Table 9 lists the compounds identified at varying 
temperatures. Figure 12 is an example of a representative chromatogram from 
thermally degraded muscle tissue (150˚C to 300˚C). Nonanal is the most 
abundant compound at every temperature except for 350˚C. 1-octen-3-ol is 
present at all temperatures, with its highest abundance appearing from 150˚C to 
300˚C and its lowest abundance at 350˚C. Pyrazines greatly contributed to the 
Figure 11. Alcohol and aldehyde abundance trends across 
increasing temperatures for subcutaneous fat samples.  
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VOC profile of muscle at 350˚C. Typically there was one compound in great 
abundance in the VOC profiles of muscle and temperature specific compounds of 
lower abundance.  
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Table 9. Compounds Identified and Their Categorical Abundance for 
Muscle Samples.  
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Figure 12. TIC of 250°C Muscle Sample.  
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3.3.4.2. VOC Profile Trends Across Various Temperatures 
Nonanal is the most abundant compound for much of the muscle tissue 
samples. Nonanal is the most abundant compound for fresh muscle, 150˚C, 
200˚C, 250˚C, and 300˚C. However, trimethylpyrazine is the most abundant 
compound at 350˚C. Nonanal is the main contributor to the VOC profile of 
muscle tissue at nearly every temperature.  
 A common occurrence that is seen in other tissue types is also observed 
for the subsequent three most abundant compounds in muscle. Hexanal, octanal, 
and 1-octen-3-ol comprise the category of the subsequent three most abundant 
compounds at 150˚C, 200˚C, 250˚C, and 300˚C. 1-octen-3-ol is present in fresh 
muscle, but hexanal and octanal are not present. Muscle thermally degraded at 
350˚C has a very different profile in the category of the subsequent three most 
abundant compounds. The VOC profiles for fresh muscle and 350°C thermally 
degraded muscle tissue are different when comparing the subsequent three most 
abundant compounds category.   
  
3.3.4.3. Alcohol and Aldehyde Trends 
Aldehydes were in much greater abundance than alcohols at almost all 
temperatures for muscle. Fresh muscle and muscle heated at 350˚C have a low 
abundance of alcohols and aldehydes, although aldehydes are still in slightly 
higher abundance than alcohols. Both alcohols and aldehydes have a 
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progression of being at a low abundance in fresh muscle and increasing in 
abundance as the temperature increases up to 350˚C as shown in Figure 13. At 
350˚C, both aldehydes and alcohols decrease in abundance. Overall, alcohols 
and aldehydes showed a similar trend of increasing in abundance as the 
temperature increased, and then decreased at 350°C.  
 
 
 
 
 
 
Figure 13. Alcohol and abundance trends across increasing 
temperatures for muscle samples.  
 57 
4. CONCLUSIONS 
4.1. Alcohol and Aldehyde Trends of Each Tissue Group 
 Alcohols and Aldehydes comprised the majority of the compounds 
contributing to the VOC profile of thermally degraded tissue. Specifically, 
compounds such as nonanal, 1-octen-3-ol, hexanal, and octanal were frequently 
identified. Alcohols and aldehydes contributed to the VOC profile of muscle, skin, 
subcutaneous fat, and punch biopsy samples at a range of temperatures.  
 Although the high occurrence of alcohols and aldehydes was generally 
consistent among various tissues and temperatures, the trends of alcohol and 
aldehyde abundance were not the same. The trend of alcohols and aldehydes 
were similar with muscle tissue and the punch biopsy samples in that the 
abundance increased at 150˚C, and then decreased at 200˚C to 250˚C. Skin had 
a sharp decrease in alcohols and aldehydes at lower temperatures, but had a 
sharp increase in aldehydes at 350˚C. Likewise, subcutaneous fat had a large 
increase in alcohols and aldehydes at higher temperatures.  
These trends in alcohols and aldehydes suggest that tissues degrade 
under thermal conditions differently, and therefore have dissimilar VOC profiles. 
Tissue composition contributes to tissue degradation at certain temperatures 
causing rates of processes, such as lipid oxidation or amino acid degradation, to 
change and produce varying VOC profiles. The effect of thermal degradation 
would therefore cause a fluctuating abundance of alcohols and aldehydes for 
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specific tissue types thus altering their contribution to a tissue profile that 
encompasses many tissue types, such as the punch biopsy samples.  
 
4.2. Compounds Identified from 150˚C to 300˚C of Each Tissue Group 
 All groups of tissue in this study had similar VOC profiles from 150˚C to 
300˚C within their respective groups. The VOC profile of skin, muscle, and punch 
biopsy samples from 150˚C to 300˚C had the same most abundant compound, 
and the same compounds as part of the subsequent three most abundant 
compound categories. However, with the skin samples, there was some variation 
of the subsequent three most abundant compounds from 150˚C to 300˚C.  The 
VOC profile of subcutaneous fat showed hexanal and nonanal interchanging as 
the most abundant compound from 150˚C to 300˚C and had some variation of 
subsequent three most abundant compounds. This trend illustrates that at higher 
temperatures, like 350˚C, different VOCs are produced thus resulting in different 
profiles. This trend also shows that the VOC profile of fresh tissue is affected by 
exposure to heat and produces different VOCs than thermally degraded tissue.  
 
4.3. Skin, Muscle, and Subcutaneous Fat Contribution to Punch Biopsy 
Sample Profiles 
 The comparison between the VOC profile of skin and the VOC profile of 
the punch biopsy samples, which served as the more realistic and representative 
sample, suggests that skin is the contributor of 2-pentylfuran. 2-pentylfuran is 
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identified in the punch biopsy VOC profiles when 2-pentylfuran is the most 
abundant compound in the VOC profiles of skin from 150˚C to 300˚C. Skin also 
contributes to the abundance of nonanal, benzaldehyde and 
benzeneacetaldehyde throughout the VOC profiles of the punch biopsy samples 
over increasing temperatures.  
 When comparing the VOC profiles of subcutaneous fat to the punch 
biopsy samples it becomes evident that subcutaneous fat is contributing to the 
abundance of commonly identified compounds. Subcutaneous fat adds to the 
abundance of nonanal, hexanal, octanal, and 1-octen-3-ol in the profile of the 
punch biopsy samples at varying temperatures. Subcutaneous fat also provides 
an abundance of branched alkanes in the VOC profile of the fresh punch biopsy 
sample.  
  Muscle contributed an abundance of pyrazines in the VOC profile of the 
350˚C punch biopsy sample. Trimethylpyrazine was the most abundant 
compound at 350˚C for muscle and the punch biopsy sample. Muscle also 
contributed other pyrazines at 350˚C such as 3-ethyl-2,5-dimethylpyrazine and 
2,6-dimethylpyrazine. Muscle tissue added to the abundance of nonanal, 1-
octen-3-ol, hexanal, and octanal in the VOC profile of the punch biopsy samples. 
Muscle also contributed 2-pentylfuran (much less than skin) and to the 
abundance of benzaldehyde.  
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4.4. Abundance of Branched Alkanes in Fresh Subcutaneous Fat  
 The large and almost exclusive presence of branched alkanes in fresh 
subcutaneous fat supports the hypothesis that fat can act as a fuel during 
unusual fire events49-51. Seven out of the eleven compounds identified in the 
VOC profile of fresh subcutaneous fat were branched alkanes. Numerous 
branched alkanes are often present in ignitable liquids52, particularly in 
isoparaffinic products, that are sometimes used to accelerate a fire. The VOC 
profile of subcutaneous fat identified in this study could further aid researchers in 
investigating suspected spontaneous human combustion fire events because it 
has a profile similar to certain ignitable liquids.  
 
4.5. Future Directions 
 This study researched the effects of temperatures on the VOC profile of 
thermally degraded tissue from 150˚C to 350˚C. However, as discussed in 
section 1.4, temperatures experienced during a fire event often exceed 350˚C.  
More research is needed to investigate the VOC profile of thermally degraded 
tissue at temperatures above 350˚C. There is also a need for research that 
focuses on the effects of the fluctuation in temperatures experienced during a fire 
and the effect that this temperature fluctuation has on the VOC profile of tissue.  
 Future research is required to identify the VOCs associated with thermally 
degraded tissue that then decomposes, and the differences between those 
profiles. For example, a body may be exposed to fire then left to decompose for a 
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period of time. The subsequent decomposition of thermally degraded tissue may 
produce a different VOC profile from tissue that is only thermally degraded.  
This research was semi-quantitative in determining and assessing the 
abundance of the VOCs present. Further research which quantitatively evaluates 
the VOCs, and identifies the trends and ratios of VOCs would be desirable. 
Researching the quantitative patterns of VOCs present in the headspace of 
tissue samples would contribute to the creation of accurate scent training aids for 
HRD canines by providing a clearer understanding of what canines are alerting to 
during detection.  
 Comparison of thermally degraded human tissue and pig tissue would aid 
in evaluating the use of pigs as a human model. As mentioned previously, 
obtaining human tissue for research is often difficult and pig tissue is generally 
accepted as a model for research instead. Comparison of the VOC profile of 
human tissue to pig tissue could illustrate the differences in the two tissue types 
for forensic applications and research.  
 Finally, this study utilized three tissue types: muscle, skin, and 
subcutaneous fat and a punch biopsy to serve as an overall representative tissue 
sample. Other tissue groups such as bone, blood, and various organs would also 
be helpful in identifying the contribution of other tissues to the VOC profile of 
thermally degraded tissue. Skin, subcutaneous fat, and muscle are large 
contributors to the VOC profile; however, it does not provide the full range of 
tissues that contribute to VOC profiles.  
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